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Abs t rac t  

Recent frequency and wavelength measu remen t s  of a meth-  

Various pos- 

One possibil i ty i s  to  fix the value of the 

ane  stabil ized l a s e r  yield a value of the speed of light 100 t imes  
l e s s  uncertain than the previously accepted value. 
s ibi l i t ies  using l a s e r s  as radiation sources  fo r  a new length 
s tandard  a r e  discussed.  
speed of light i n  the redefinition of the meter .  
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The speed of light is one of the most  interest ing and im- 
1 portant of the fundamental (dimensioned) constants of nature. 

It en te rs  natural ly  into ranging experiments ,  such as geophysical 
dis tance measu remen t s  which u s e  modulated electromagnetic 
radiation, and astronomical  measurements  such as microwave 
planetary r a d a r  and l a s e r  lunar  ranging. Basically,  very a c -  
curately measured  delay t imes  fo r  electromagnetic waves a r e  
dimensionally converted t o  dis tance by use  of the light propaga- 
tion speed. 

Another interest ing c l a s s  of applications involves the speed of 
propagating waves i n  a l e s s  obvious manner .  F o r  example,  the 
conversion between e lec t ros ta t ic  and electromagnet ic  units in-  
volves the constant, c, as does the relat ivis t ic  relationship be-  
tween the atomic mass sca le  and par t ic le  energies.  

Recent experiments  have se t  very  res t r ic t ive  l imi t s  
on any possible  speed dependence on direct ion2 o r  frequency. 3 

With the perfection of highly reproducible and s table  l a s e r s ,  
the i r  wavelength-frequency duality becomes of wider interest .  
We begin to  think of l a s e r s  as frequency re ferences  fo r  cer ta in  
kinds of problems such as optical heterodyne spectroscopy. At 
the s a m e  t ime,  we use the wavelength aspec t  of the radiation, f o r  
example,  i n  prec is ion  long-path interferometry.  Also s ince the 
fract ional  uncertainty in the frequency of these l a s e r s  is approxi- 
mately one p a r t  i n  1 O1 ’, the duality implies  that  the radiation 
must  have a similar wavelength charac te r i s t ic ,  i. e . ,  a h /  1 
o r  about 100 t imes  be t te r  than the cur ren t  length standard.  
the stabil ized l a s e r  must  be considered to  have t remendous po- 
tent ia l  i n  wavelength as well as frequency s tandards applications 
and perhaps i n  both. 

10 - l ’  
Hence, 

6 

It has been c l ea r  s ince the ea r ly  days of l a s e r s  that  this  
wavelength-frequency duality could f o r m  the basis of a powerful 
method to  measu re  the speed of light. However, the l a s e r ’ s  op- 
t ical  frequency was much too high fo r  conventional frequency 
measurement  methods. 
of modulation o r  differential  schemes ,  basically conceived to  
p r e s e r v e  the smal l  in te r fe rometr ic  e r r o r s  assoc ia ted  with the 
shor t  optical wavelength, while utilizing microwave frequencies  
which were  s t i l l  readily manipulated and measured.  
wave frequencies  were  to  be modulated onto the l a s e r  output o r  
real ized as a difference frequency7 between two sepa ra t e  l a s e r  
t ransi t ions.  Indeed, a proposed ma jo r  long-path in te r fe rometr ic  
experiment8 based on the l a t t e r  idea has  been made obsolete by 

This fac t  led to  the invention of a var ie ty  

These mic ro -  
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the recent  high-precision d i rec t  frequency measurement .  
ingenious modulation scheme,  general ly  applicable to  any l a s e r  
t ransi t ion,  has recently succ  s sfully produced a n  improved 
value fo r  the speed of light. While this method can  undoubt- 
edly be perfected fur ther ,  i t s  differential  nature  leads to  l imi ta -  
t ions which a r e  not operative in  d i rec t  frequency measurements .  

145 

An 

1 %  

The product of the frequency and wavelength of a n  electro-  
magnetic wave is the speed of propagation of that wave. F o r  an  
accura te  determination of both of these  quantities, the source  
should be  s table  and monochromatic and should be a t  as shor t  a 
wavelength as possible. At sho r t e r  optical wavelengths the a c -  
curacy  of the wavelength measurement  increases .  
sou rce  of such  radiation is the methane-stabil ized He-Ne l a s e r  
a t  3. 39 p m  (88THz). Direct  frequency measurements  were  r e -  
cently extended t o  this frequency'' and subsequently refined9 to  
the present  accuracy  of 6 pa r t s  in  lo1'. The wavelength of this  
stabil ized l a s e r  has been compared]  3-16 with the krypton-86 
length s tandard to  the l imi t  of the usefulness of the length stand- 

frequency and the wavelength yields a new, definitive value fo r  
the speed of light, c. 

A suitable 
11 

a r d  (approximately 4 pa r t s  i n  10 9 ). The product of the measu red  

The previously accepted value" of c was s imi la r ly  de t e r -  
mined by measuring the frequency and wavelength of a s table  
e lectromagnet ic  osci l la tor ;  however, it  oscil lated a t  72 GHz 
(more  than 1000 t imes  lower in  frequency than in the case  of the 
present  measurements ) .  The 1 00-fold improvement in  the p r e s -  
ently reported measurement  comes f r o m  the increased  accuracy  
possible in  the measurement13 of the sho r t e r  wavelength. 

A block d iagram in  f i g u r e  1 i l lus t ra tes  the ent i re  ces ium 
to  methane frequency chain. 
stabil ized l a s e r s  a r e  shown in the upper right-hand section, the 
t r ans fe r  chain osci l la tors  a r e  i n  the center  column, and the 
ces ium frequency s tandard is in the lower right-hand corner .  
The He-Ne and GO2 l a s e r s  i n  the t r ans fe r  chain were  offset 
locked,"that is, they were  locked a t  a frequency a few megahertz  
different f r o m  the stabil ized l a s e r s .  
dure  produced He-Ne and GO2 t r a n s f e r  osci l la tors  without the 
frequency modulation used in  the molecular-s tabi l ized l a s e r s .  
The measurements  of the frequencies  in  the ent i re  chain were  

The three  saturated-absorpt ion-  

This offset-locking proce-  
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made in  th ree  s teps  shown on the right-hand side,  by usin 
s tandard  heterodyne techniques previously descr ibed.  2*  K8-20 

Conventional si l icon point-contact harmonic genera tor -  
m i x e r s  were  used up t o  the frequency of the HCN l a s e r .  
this frequency, tungsten-on-nickel diodes were  used as harmonic 
genera tor -mixers .  These meta l -meta l  diodes required 50 o r  
m o r e  m W  of power f r o m  the l a s e r s  to  obtain optimum signals.  
The 2-mm-long, 25 pm-diam tungsten antenna, with a sharpened 
t ip  which l ightly contacted the nickel surface,  seemed to  couple 
to  the radiation i n  two separa te  manners .  At 0. 89 and 10. 7 THz 
it ac ted  l ike a long wi re  antenna, 2 1 y  22 while a t  29-88 THz i t s  
conical t ip  behaved l ike one-half of a biconical antenna. 22 Con- 
ventional de tec tors  were  used i n  the offset-locking steps.  

Above 

The methane-stabil ized He-Ne l a s e r  used in  these  experi-  
ments  is quite similar in s i ze  and construction to  the device 
descr ibed  by Hall. 23 
and slightly higher reflectivity m i r r o r s  were  employed. 
l a t t e r  resul ted in a higher energy density inside the resonator  
and consequently a somewhat broader  sa tura ted  absorption. 
P r e s s u r e  i n  the internal  methane absorpt ion cel l  was about 0. 01 
T o r r  (1 T o r r  = 133. 3N/m )* 

The gain tube was dc excited, 
The 

2 

The two 1. 2-m-long C 0 2  l a s e r s  used in the experiments  
contained internal  absorpt ion cel ls  and dc-excited sealed gain 
tubes. A grating was used on one end f o r  l ine  selection, and 
frequency modulation was achieved by dithering the  4-m-  radius-  
of-curvature  m i r r o r  on the opposite end. 
internal  absorpt ion cel l  was 0. 0 2 0  Torr .  
was locked to  the zero-s lope point on the dip in  the 4. 3 p m  fluo- 
rescent  radiation. 24 The 0. 89-,  lo .  7- ,  and 88-THz t r ans fe r  
l a s e r s  were  8-m-long l inear ly  polarized cw osci l la tors  with 
single-mode output power g r e a t e r  than 50 m W .  
HCN l a s e r  has  been descr ibed.  25 
si l icon-disk par t ia l ly  t ransmit t ing end m i r r o r ,  and a 0. 5-mil  
polyethylene internal  B rewster-angle  membrane  polarized the 
l a s e r  beam. 
without any mode se l ec to r s  because of a 4 - T o r r  p r e s s u r e  with a 
7 : l  ra t io  of helium to neon. 
approximately equal t o  the Doppler width, and the high degree  of 
sa tura t ion  allowed only one mode to  oscil late.  

C 0 2  p r e s s u r e  in  the 
The l a s e r  frequency 

The Michelson 
The H 0 l a s e r  used a double- 2 

The 8-m He-Ne l a s e r  oscil lated in  a single mode 

This resul ted in  a p r e s s u r e  width 
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F i g u r e  1. Stabilized L a s e r  Frequency Synthesis Chain. All 
frequencies a r e  given in  THz; those marked  with a n  
a s t e r i s k  were  measured  with a t r a n s f e r  l a s e r  oscil-  
l a to r  tuned t o  approximate l ine center.  
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Conventional klystrons used to  generate  the four  difference 
frequencies  between the l a s e r s  were  all stabil ized by s tandard 
phase-lock-techniques,  and the i r  f requencies  were  determined by 
cycle counting a t  X-band. 

An interpolating counter controlled by a ces ium frequency 
s tandard,  the AT (NBS) t ime sca le  26y 27 in  the NBS Time and 
Frequency Division, counted the 10.6-GHz klystron in  the t r a n s -  
f e r  chain. This s ame  s tandard was used to  cal ibrate  the other  
count e r s and the s p e ct  rum - analyze r t racking - gene r a t  o r. 

In s tep  1, a frequency synthesis  chain was completed f r o m  
the ces ium standard to  the stabil ized R(10) C 0 2  l a se r .  
fe rence  frequencies  in  this  chain were  e i ther  measu red  s imul-  
taneously o r  held constant. Each main  chain osci l la tor  had i t s  
radiation divided s o  that all beat notes in  the chain could be m e a s -  
ured  simultaneously. F o r  example,  a si l icon-disk beam sp l i t t e r  
divided the 10. 7-THz beam into two par t s :  one pa r t  was focused 
on the diode which generated the  12th harmonic of the HCN l a s e r  
frequency, the remaining pa r t  i r r ad ia t ed  another  diode which 
mixed the th i rd  harmonic of 10. 7-THz with the output f r o m  the 
9. 3 p m  CO2 l a s e r  and the 20-GHz klystron. 

Al l  dif- 

F igure  1 shows the two different ways i n  which the experi-  
ment was c a r r i e d  out. In the f i r s t  scheme (output f r o m  mixe r s  
in  posit ion A), the HCN l a s e r  was frequency locked to  a quar tz  
c rys t a l  osci l la tor  via the 148- and 10.6-GHz klystrons,  and the 
frequency of the 10. 6-GHz klystron was counted. The H 2 0  l a s e r  
was frequency locked to  the stabil ized C02 l a s e r ,  and the beat 
frequency between the H20  and HCN l a s e r s  was measu red  on the 
spec t rum analyzer.  
i n  posit ion B), the 10. 6-GHz klystron was phase locked t o  the 74-  
GHz klystron, which in tu rn  was phase locked to  the free-running 
HCN la se r .  The 10.6-GHz klystron frequency was again counted. 
The free-running H 0 l a s e r  f requency was monitored relat ive to  
the stabil ized C02 l a s e r  frequency. The beat frequency between 
the H 2 0  and HCN l a s e r s  was measu red  as before  on the spec t rum 
analyzer .  

In the second scheme (output f r o m  mixe r s  

2 

In s tep  2 ,  the difference between the two C02 l ines  was 
measured.  
s t ep  1, which now a l s o  had two C 0 2  l a s e r  beams focused on it. 

The HCN l a s e r  remained focused on the diode used in  
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The s u m  of the th i rd  harmonic of t he  HCN frequency, plus a m i c r o -  
wave frequency, plus the measu red  rf  beat signal is the difference 
frequency between these  two C 0 2  lines.  
sorption-stabil ized C 0 2  lasers were  used directly,  and the r e l a -  
t ive phase and amplitudes of the modulating voltages were  adjusted 
to  minimize the width of the beat note. 
measu red  on a combination spec t rum analyzer  and tracking-gen- 
erator-counter .  
t o  detect  possible systematic  differences in  the two l a s e r -  stabil i-  
zation systems.  

The two molecular-ab-  

The beat note was again 

The roles  of the C 0 2  l a s e r s  were  interchanged 

In s t ep  3, the frequency of the P ( 7 )  l ine i n  methane was 
measu red  relative t o  the  10. 18 vm R(30) l ine of C02. 
8 - m  3.39 pm laser and the C 0 2  l a s e r  were offset locked f r o m  
saturated-  abs  orption- stabil ized l a s e r s  and the reby not modulated. 
The 10- to  100-MHz beat note was again measu red  ei ther  on a 
spec t rum analyzer  and tracking generator ,  o r  i n  the final meas -  
urement  when the S I N  rat io  of the beat note was l a r g e  enough 
(about loo),  direct ly  on a counter. 

Both the 

The measurements  were  chronologically divided into four  
runs,  and values f o r  each of the s teps  and f o r  v4, 
were  obtained by weighting the results of all runs inversely pro-  
portional t o  the square  of the s tandard deviations. 
uncertainty came f r o m  s t ep  1; a recent  measurement  by N P L  
gave a value of the R(12) l ine which was only 2 x 10-l '  (7kHz) 
different f r o m  the number obtained by adding the R(12) - R(10) 
difference29 to  the present  R(10) value. 
the experiment has  been verified. 

v5, and v6 

The l a r g e s t  
28 

Thus, the f i r s t  s t ep  of 

The final resul t  is: 

Molecule Line x Frequency 
12 16 - 

R(30) 10. 18 p m  29. 442 483 315 (25) THz 
O2 

O2 
R(10) 9. 33 32. 134 266 891 (24) 12 16 

P ( 7 )  3. 39 88. 376 181 627 (50) 12 
H4 
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The numbers  in  parentheses  a r e  1 -standard-deviation-type 
e r r o r s  indicating uncertaint ies  in the l a s t  two digits. 
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In a coordinated effort ,  the wavelength of the 3. 39 vm 
l ine of methane was measu red  with respect  to  the 86Kr  6057 8 
p r i m a r y  s tandard of length by R. L. Barge r  and J. L. Hall. 13 

Using a frequency-controlled F a b r  -Pe ro t  in te r fe rometer  with a 
pointing prec is ion  of about 2 x 10- o rde r s ,  a detailed s e a r c h  f o r  
sys temat ic  offsets inherent  in  the experiment,  including effects 
due to  the a symmet ry  of the K r  s tandard l ine,  was made. Offsets 
due to  var ious experimental  effects (such as beam misal ignments ,  
m i r r o r  curva tures  and phase shifts,  phase shift over  the exit 
apera ture ,  diffraction, etc. ) were  carefully measu red  and then r e -  

This reproducibil i ty f o r  a single wavelength measurement  i l lus-  
t r a t e s  the high prec is ion  which is available using the frequency- 
cont r 011 ed int e rf e rome t e r. 

i! 

moved f r o m  the data with a n  uncertainty of about 2 pa r t s  i n  10 9 . 

At the 5th se s s ion  of the consultative commit tee  on the 
definition of the m e t e r  (CCDM)30, resu l t s  of Ba rge r  and Hall as 
well as measurements  made a t  the International Bureau of 
Weights and Measures15,  the National Research  Council", and 
the National Bureau of Standards a t  Gaithersburg14 were  all 
combined to  give "recommended" values fo r  the wavelengths of 
this  t ransi t ion of methane and the t rans i t ion  of iodine used to  
s tabi l ize  the visible He-Ne l a s e r .  The recommended values a r e :  

) CH4 (P(7),  band v3 = 3 392 231. 40 x 10-l '  m ,  

These "recommended" values a r e  in agreement  with wavelength 
measurements  to  the l imi t s  poss i  l e  with the krypton length 
s tandard (that is, about f 4 x 10-  )* It is "recommended" that 
e i ther  of these  values be used to  make length measurements  using 
these stabil ized l a s e r s  in the in t e r im  before  the m e t e r  is 
r e  defined. 

% 
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Multiplying this recommended wavelength of methane by the 
measured  frequency yields the value for  the speed of light: 

C =  299  792 458 m/s  

which was also recommended by the CCDM. This value of c is 
one which should be used in  distance measurements  where t ime 
of flight is converted to  length and for  converting frequency to  
wavelength and vice versa .  

The fract ional  uncertainty in  this  value f o r  the speed of 
light, f 4 x 10-9, a r i s e s  f r o m  the in te r fe rometr ic  measurements  
with the incoherent krypton radiation which operationally defines 
the international meter .  This l imitation is indicative of the r e -  
markable  growth in  optical physics in  recent yea r s ;  the present  
krypton-based length definition was adopted only in 1960: 

This resu l t  is in  agreement  with the previously accepted 
value of c = 299 792 500 (100) m / s  and is about 100 t imes  more  
accurate .  A s  mentioned above, a recent differential  measu re -  
ment of the speed of light has  been made by Bay, Luther,  and 
White;"their value is 299 792 462 (18) m / s ,  which is a l so  in  
agreement  with the present ly  determined value. 

A s  a resu l t  of the recommendations made by CCDM, two 
different definitions of a new length s tandard must  be considered. 
F i r s t ,  we can continue as before with separa te  s tandards f o r  the 
second and m e t e r  but with the m e t e r  defined a s  the length equal 
t o  l / h  wavelengths in vacuum of the radiation f r o m  a stabil ized 
l a s e r  instead of f r o m  a 86Kr  lamp. 
stabilized", 23 He-Ne l a s e r  a t  3. 39 p m  (88 THz) o r  the IZ-s tab i -  
l ized31 He-Ne l a s e r  a t  0. 633 p m  (474 THz) appear  t o  be suitable 
candidates. The 3. 39 p m  l a s e r  is a l ready  a secondary frequency 
s tandard in  the inf ra red ,  and hopefully d i rec t  measurements  of 
the frequency of the 0. 633 p m  radiation will give the l a t t e r  l a s e r  
the s a m e  s ta tus  in  the visible. The 3. 39 p m  l a s e r  frequency is 
present ly  known to within 6 pa r t s  i n  l o l o ,  and the reproducibil i ty 
and long t e r m  stabil i ty have been demonstrated to  be be t te r  by 
m o r e  than two o r d e r s  of magnitude. Hence, frequency measu re -  
ments  with improved apparatus  in  the next yea r  o r  two a r e  ex- 
pected to  reduce this  uncertainty to  a few pa r t s  in  l o 1 ' *  

Ei ther  the methane- 

A new 
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value of the speed of light with this accuracy  would thus be 
achievable i f  the s tandard of length were  redefined to  be this  
l a se r .  

Alternately,  one can consider  defining the m e t e r  as a 
specified f rac t ion  of the dis tance light t rave ls  in one second i n  
vacuum (that is, one can fix the value of the speed of light). The 
m e t e r  would thus be defined in t e r m s  of the second and, hence, a 
single unified s tandard would be used fo r  frequency, t ime,  and 
length. 
proach to  defining the m e t e r  is actually near ly  one hundred y e a r s  
old. 
definition, the wavelength of all stabil ized l a s e r s  would be known 
to the s a m e  accuracy  with which the i r  frequencies can  be meas -  
ured. Stabil ized l a s e r s  would thus provide secondary s tandards 
of both frequency and length fo r  labora tory  measuremehts  with 
the accuracy  being l imited only by the frequency reproducibil i ty 
and measurabi l i ty  and the long t e r m  frequency stability. 
should be noted that a n  adopted nominal value f o r  the speed of 
light is a l ready  i n  use  fo r  high-accuracy astronomical  measu re -  
ments ;  thus,  now the re  a r e  two different s tandards of length in 
existence: one f o r  t e r r e s t r i a l  measurement  and one fo r  a s t r o -  
nomical measurements .  A definition which fixes c and unites 
these  two values of c would cer ta inly be des i rab le  f r o m  a philo- 
s ophical point of view. 

What a t  f i r s t  sounds l ike a r a the r  radical  and new ap-  

It was f i r s t  proposed by Lord Kelvin i n  1879. 3 2  With this  

It 

Independent of which type of definition is chosen we believe 
that r e s e a r c h  on simplified frequency synthesis  chains bridging 
the microwave-optical  gap will be of grea t  in te res t ,  as will r e -  
fined experiments  d i rec ted  toward a n  understanding of the fac tors  
that l imit  l a s e r  optical frequency reproducibility. No ma t t e r  how 
such r e sea rch  may tu rn  out, it  is c l ea r  that u l t raprec ise  physical 
measurements  macle in the in te r im can be  p re se rved  through wave- 
length o r  frequency comparison with a suitably stabil ized l a s e r  
such as the 3. 39 b m  methane device. 

Frequencies  a r e  cur ren t ly  measurable  to  pa r t s  in  
hence the over -a l l  e r r o r  of about s ix  pa r t s  in  l o l o  f o r  the f r e -  
quency measurement  r ep resen t s  a resul t  which can be improved 
upon. 
measurements  of be t te r  accuracy  than the wavelength measu re -  
ments ;  this was easi ly  done. 
s iderably m o r e  accuracy  by using t ighter  locks on the l a s e r .  

and 

The experiment was done fa i r ly  quickly to  obtain frequency 

It should be possible  to  obtain con- 
F o r  
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example,  the 8 -m HCN l a s e r  has  recently been phase locked33 
to  a multiplied microwave reference which current ly  determines 
the HCN l a s e r  l ine widths. An improved microwave reference 
could be a superconducting cavity stabilized oscil lator34 f o r  best  
stabil i ty i n  sho r t  t e r m  (narrowest  l ine width) coupled with a p r i -  
m a r y  ces ium beam standard f o r  good long t e r m  stability. 

The relative e a s e  with which these l a s e r  harmonic signals 
were  obtained in  the second round of frequency measurements  
indicates that  the measurement  of the frequencies of visible ra- 
diation now appears  very  n e a r  at hand. 
should great ly  facil i tate one ' s  ability to  accurately utilize the 
visible and infrared portion of the electromagnetic spectrum. 

Such measurements  

The authors  wish to  acknowledge B. L. Danielson and 
G. W. Day who participated i n  the measurement  of the frequency 
of the methane stabil ized He-Ne l a s e r  and to  R. L. B a r g e r  and 
J. L. Hall who first stabil ized the l a s e r  and measu red  its wave- 
length. We a l s o  express  our  grati tude to  D. G. McDonald and 
J. D. Cupp whose work with the Josephson junction was a pa ra l -  
l e l  effort t o  ours  i n  trying to achieve near - inf ra red  frequency 
measurements .  
Josephson junction to  m e a s u r e  l a s e r  frequencies a r e  continuing, 
and may  well l ead  t o  be t t e r  methods f o r  near - inf ra red  frequency 
synthesis i n  the  future. 

We note h e r e  that experiments using the 
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